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Sedimentary facies and mineral provenance of Upper Triassic
sandstones offshore Kvitgya, Svalbard: implications for
palaeogeographic interpretations in the northern Barents
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Abstract

Upper Triassic (Carnian) sandstones of the De Geerdalen Formation cored
south of the island of Kviteya (80°N), north-easternmost Svalbard, are described
in terms of sedimentary facies and petrography and compared regionally in the
northern Barents Shelf. The succession off Kviteya is characterized by its great
thickness and is dominated by deltaic deposits with high sand content of lithic—
feldspathic compositions. Comparison of sediment facies and sandstone compo-
sitions with adjacent areas suggest that the succession off Kvitgya is part of a
larger delta system with its main sediment source from the east. The delta sed-
imentation was terminated by marine transgression in the earliest Norian. The
sandstone compositions off Kvitgya differ from nearby locations by the higher
content of cherty rock fragments and reworked volcanic debris in the Kviteya
sandstone, which is most distinct in the lower part of the succession. Provenance
signatures are investigated by mineral-chemical analysis of detrital feldspars,
rock fragments, garnet and Cr-spinel, characterizing a wide variety of igneous,
metamorphic and sedimentary terranes, including palaeo-Urals and areas far-
ther to east. Additional, more proximal sediment source areas may also have
existed that could explain the increased sediment thickness and the mineralog-
ical immature sandstone compositions of the Carnian sediments off Kvitgya.
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Introduction and geological setting

Provenance studies of sedimentary successions in the
Barents Sea are important for palacogeographic reconstruc-
tions and deciphering the sediment transport patterns
throughout the geological history of today’s Arctic region.
During a drilling campaign offshore Kvitaya, in the north-
ernmost Barents Sea (Fig. 1a), in 2015, the NPD collected
shallow stratigraphic cores ranging in age from Carboniferous
to Late Triassic, including a thick accumulation of Triassic
sandstone-dominated sediments. The present study focuses
on these Triassic sandstones that were cored south of
Kviteya in four locations less than 50 km apart (Fig. 1b, ¢).
The Triassic sediments are correlated stratigraphically to the
Upper Triassic De Geerdalen Formation defined in Svalbard

and nearby offshore areas, and to the Snadd Formation
defined in the south-western Barents Sea (Mork et al. 1982;
Worsley et al. 1988; Moark et al. 1999; Riis et al. 2008;
Lundschien et al. 2014; Vigran et al. 2014; Lundschien et al.
2023). A simplified stratigraphic overview is shown in
Fig. 2. The Snadd-De Geerdalen formations represent the
youngest part of the stratigraphy deposited in a giant
north-west-prograding deltaic system. The delta system
evolved from the south-east in the Early Triassic, possibly
already in the latest Permian, to areas as far north as
Svalbard in the Late Triassic (Bugge et al. 2002; Riis et al.
2008; Glorstad-Clark et al. 2010; Lundschien et al. 2014;
Klausen et al. 2015; Gilmullina et al. 2021).

This paper describes the sedimentary succession of the
De Geerdalen Formation in four stratigraphic cores off
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Fig. 1 (a) Barents Shelf overview, with structural elements modified from Smelror et al. (2009) and Gee et al. (2008). The red rectangle shows the area of

the palaeogeographic maps in Fig. 13. (b) The location of NPD cores with Upper Triassic sediments off Kviteya and nearby sites. (c) The seismic profile

(NPD1204-422) off Kvitaya (KV) verifies the stratigraphic age relations between the cores. (d) A close-up of the interpreted channels in yellow (figure from

NPD). Locations are specified in logs and palaeogeographic maps (Figs. 12, 13). Locations on the maps are as follows: Bjarmeland Platform (BjP), Hopen
(Ho) and off Kong Karls Land (KKL), Nordkapp Basin (NkB) and Sentralbanken High (SbH). Other abbreviations: Svalbard (SVB), Bjerngya (BJ), Novaya Zem-
lya (NZ), Franz Josef Land (FJL), Pechora Sea (PS), North Barents Basin (NBB) and South Barents Basin (SBB). Orange shows structural high.

Kviteya and aims to identify sandstone distribution,
sandstone provenance components and the use of facies
distribution for palaeogeographic interpretation. The
sedimentary succession is dominated by deltaic deposits,
including shoreface, channel complexes and delta plain
facies associations. These are comparable to the Carnian
deposits in eastern Spitsbergen, Edgeoya and the
Sentralbanken High. The succession and sandstone prop-
erties off Kvitoya are important for improving our under-
standing of sediment distribution and palaeogeography
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in the Late Triassic. Petrographic and mineral chemical
analyses were performed to characterize sandstone prop-
erties, identify mineral provenance signatures and exam-
ine implications for regional geological provenance
interpretations. The composite core section off Kviteya is
compared with sedimentary facies variations and avail-
able mineralogical data of the De Geerdalen and Snadd
formations in Svalbard and nearby shallow cores off-
shore and 1is discussed in terms of sandstone
provenance.

Citation: Polar Research 2024, 43, 9715, http://dx.doi.org/10.33265/polar.v43.9715


http://dx.doi.org/10.33265/polar.v43.9715

M.B.E. Mgrk et al.

)
2’ Svalbard Barents Sea
m©
= Svenskaya Fm.
ST LT Foromen
Fm.
Flatsalen Fm.
0 Hopen Mb.
17
[7)]
3 De
E Geerdalen
8 Fm. Snadd
) Fm.
Tschermakfiellet Fm.
=
o
3 Bravaisberget / Botneheia fms.
2

Fig. 2 The grey column in this simplified stratigraphic table marks the
cores off Kvitaya that are discussed herein.

Sedimentary framework and depositional
environments

The Upper Triassic sediments off Kviteya are represented
by cores in the wells 7934/6-U-1, 7934/-6-U-2, 7934/9-
U-1 and 7934/8-U-1, shown in relation to the seismic line
NPD-1204-422 in Fig. 1. The vertical thickness of the four
cores covers a nearly continuous stratigraphic succession
through the De Geerdalen Formation from the oldest
core 6-U-1, except for minor gaps between the three low-
ermost cores and at the base (Fig. 3). The stratigraphically
youngest cores—9-U-1 and 8-U-1—overlap. The thick
sandstone-dominated De Geerdalen Formation is over-
lain by the Flatsalen Formation (mud dominated), which
is overlain by the sandstones of the Svenskoya Formation
in the upper part of core 8-U-1 (Fig. 3). Based on seismic
interpretations, the accumulative thickness of the De
Geerdalen Formation is ca. 600 m when also including
the base of the formation, which is not cored. In compar-
ison with Svalbard, a thickness of 650 m is estimated on
the island of Hopen south-east of Spitsbergen (exposures,
and Hopen-2 well; Lord, Solvi, Ask et al. 2014), and on
Edgeoya only 250 m as the top is eroded. The formation
has a maximum thickness of less than 350 m on
Spitsbergen (Vigran et al. 2014; Lord et al. 2017). These

Citation: Polar Research 2024, 43, 9715, http://dx.doi.org/10.33265/polar.v43.9715

Upper Triassic sandstones offshore Kvitgya

observations suggest a westward thinning of the De
Geerdalen Formation in Svalbard.

A lithostratigraphic compilation of the four cores off
Kvitgya is shown in Fig. 3. The cores are characterized
by sandstone and mudstone associations alternating at
different scales and including frequent coal beds. The
colour legend indicates a simplified grouping of the De
Geerdalen Formation into deltaic, mostly delta plain
deposits, channels or shoreface sandstones and
mud-dominated shallow marine deposits. The deltaic
plain deposits are characterized by thin bedded sand-
stone-mudstone and muddy sandstones with abundant
mud clasts, often bioturbated. Synaeresis structures are
particularly common in core 9-U-1 (Fig. 4h, i). Coal beds
are common, and root structures often occur below the
coal (Figs. 41, j). The channel or shoreface deposits are
represented by thicker sandstones. These include mas-
sive sandstones and sandstones with low angle cross-lam-
ination. Such sandstones are mainly a few metres thick
but may locally reach several tens of metres, as seen in
the lower part of core 6-U-1 (Figs. 3, 4a, b, e). The shal-
low marine deposits are strongly bioturbated with
diverse trace fossil content and marine fossils (Fig. 4a, d,
c). The Flatsalen Formation, which overlies the De
Geerdalen Formation, has abundant diverse bioturba-
tion and beds with bivalves and represents more open
marine depositional conditions (Fig. 3).

Core 6-U-1, the stratigraphically oldest core, displays
bioturbated marine sandstones at the base, overlain by a
thick succession (50 m) of sandstones (Fig. 4a). Coarse
sandstone at the base fine upwards to medium sandstone
with mud flakes. The remainder part of this sandstone is
medium-grained and consists of beds with mud flakes at
the base and lamina that are often rich in coal debris.
Coal beds and beds with coal-shale are common in the
upper part of the core, as well as root structures (Fig. 3).
Cores 6-U-2 and 9-U-1 and the lower part of 8-U-1 show
similar sedimentological facies of sandstones with thin
coal seams, abundant roots and mudstone beds as in the
uppermost part of core 6-U-1, but with a distinct facies
transition to marine deposits with strongly bioturbated
mudstone towards the top of the De Geerdalen Formation
(Fig. 3). As suggested from seismic interpretation, a strati-
graphic overlap between the lower part of core 8-U-1 and
the upper part of core 9-U-1 is supported by the similar
sedimentary facies.

The entire cored succession is interpreted to represent
deposition in shallow marine and delta plain environments.
The main facies of the three stratigraphic lower cores con-
taining abundant thin coal beds, and coal beds with under-
lying roots are interpreted as vegetated delta plain
environments (Fig. 3). The ca. 50 m thick sandstone succes-
sion in the lower part in core 6-U-1 is also visible in the
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Fig. 3 Sedimentological logs of Triassic sediments in four different NPD shallow core locations off Kvitgya, arranged in accordance with stratigraphic age.
Colours indicate a simplified facies division. See also core photographs (Fig. 4).
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(e)

(f)

Fig. 4 Facies examples from NPD core photographs (depth numbers refer to image centre). 6-U-1: (a) shallow marine bioturbated muddy sandstone

overlain by coarse sandstone, shoreface (174.2 m); (b) sandstone with lamina of coal debris (150.5 m); (c) carbonate-cemented bed with bivalves,

inter-distributary bay deposit (110.7 m); (d) bioturbated mudstone and siltstone indicating marine condition (109.6 m); (e) massive to poorly laminated

sandstone of channel/shoreface deposits (67.3 m). 6-U-2: (f) sandstone with roots below coalbed (61.5 m); (g) tidal channel (192.60 m). 9-U-1: (h, i) alter-

nating mudstone—sandstone with syneresis structures in mudstone beds (77.8, 40.9 m). 8-U-1: (j) root structures below coalbed (191.6 m); (k) biotur-

bated, very fine-grained sandstone in the uppermost De Geerdalen Formation (110.5 m).

seismic section (Fig. 1¢) and is interpreted as a channel com-
plex. In the youngest core, 8-U-1, the change from delta
plain sediments with sand beds including root structures
and coal beds to mud-dominated sediments with increased
bioturbation suggests increasing marine influence in the
upper part of the formation. This part (163-109 m) strongly
resembles the Hopen Member described and defined on the
island of Hopen (Lord, Solvi, Ask et al. 2014), where shal-
low marine shales are capped by the transgressive Slottet
Bed. This part of the stratigraphy differs from the develop-
ment on Spitsbergen, where abundant red and green shales
with podsols and thin coal beds of continental affinity are
developed within upper delta plain deposits, for example,

Citation: Polar Research 2024, 43, 9715, http://dx.doi.org/10.33265/polar.v43.9715

the Isfjorden Member (Lord et al. 2017; Lord et al. 2022).
The uppermost part of the De Geerdalen Formation is miss-
ing on the islands of Edgeoya and Barentsgya, possibly
because of late erosion (Lord, Solvi, Klausen et al. 2014;
Lord et al. 2022). In eastern Spitsbergen, erosion at the
Triassic—Jurassic transition is described by Klausen et al.
(2022), and it is unknown if this erosion has also affected
the eastern islands Edgeoya and Barentsgya.

Analytical methods

Sandstone mineral compositions and porosity in samples
from the different stratigraphic levels were characterized
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using polished petrographic thin sections. Petrographic
modal analysis was performed by optical microscopy,
counting 300 points in each sample. Quantitative min-
eral-chemical analysis was performed using a Jeol JXF-
8530F Plus electron microprobe at the Norwegian
Laboratory for Minerals and Materials Characterization,
Department of Geosciences and Petroleum, Norwegian
University of Science and Technology. The acceleration
voltage and beam current were set to 15 kV and 20 nA,
respectively. Reference materials were natural minerals
and pure metals by Astimex and Micro-Analysis
Consultants. Very fine-grained rock fragments and acces-
sory minerals were identified and characterized by com-
bining backscatter imaging and EDS. The same thin
sections were also used for estimation heavy mineral pro-
portions by combining backscatter imaging and EDS min-
eral identification using a Hitachi SU6600 field emission
gun SEM. Bulk-rock XRD analysis was performed to
quantify plagioclase/K-feldspar ratios and supplement
the mineral identification using a Bruker D8 advance
with Co-source (L1.78 A, step size 0.011), scanning 26
from 3 to 80°.

Sandstone petrography and porosity

The studied sandstone samples represent different facies
and stratigraphic levels through the cored succession,
covering shoreface, tidal flat and channel environments.

M.B.E. Mark et al.

The selected samples consist of fine- to medium-grained
sands in the different settings, including the thick chan-
nel complex in the lower part of core 6-U-1, and sand-
stone beds ranging from ca. 1 m to several metres in
thickness. The sandstones are characterized by well to
moderate sorting and subangular-subrounded grains
(Fig. 5). Finer-grained (silty—very fine) sandstones from
delta plain and tidal flat environments are also
examined.

Optical and electron microscopy shows similar sand-
stone mineralogy dominated by quartz, feldspar and
cherty rock fragments in all parts of the formation (Figs. 6,
7, 8). Feldspar is abundant with both plagioclase and
K-feldspar, whereas mica and detrital chlorite are present
only in small amounts. The plagioclase/K-feldspar ratio
estimated from the XRD analysis is approximately 2:1
throughout the formation (Fig. 7). Common accessory
detrital heavy minerals observed in the petrographic
thin-sections are garnet, Cr-spinel, apatite, rutile, zircon,
ilmenite and, occasionally, tourmaline and staurolite. A
possible stratigraphic variation in the proportion of the
most frequent heavy minerals is shown in Fig. 9i, which
indicates an increase in ilmenite and apatite in the upper
part of the formation.

Polygranular rock fragments in the sandstones, in
addition to the abundant chert grains, consist of altered
volcanic rock fragments and fragments of very fine-
grained sedimentary and metamorphic rocks. The volca-
nic rock fragments are recognized by randomly oriented

Fig. 5 Details of sample 6-U-1, 142.10 m rich in detrital rock fragments: (a-d) optical micrographs, blue indicating porosity. (a) Tabulate igneous feldspar

(F) and quartz (Q) overgrown by angular quartz cement. (b) Chert (Ch) and volcanic rock fragment (Vo), the latter including thin feldspar laths. (c) Volcanic

rock fragment, chert and quartz. (d) Vo shows feldspar laths with interstitial chlorite (green). () SEM BEI identifying detrital grains of mudstone, chert and

chloritized and partly dissolved igneous rock fragments with albite (Ab). Black indicates porosity. Note net-like albite texture due to secondary dissolution

atimage top. Quartz, K-feldspar (Kf) and micafillite (Mi/ill) are identified within the mudstone fragments.
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Fig. 6 Sandstone compositions off Kvitaya based on petrographic modal analysis. (a) Detrital grains: quartz (Qtz), feldspar (Fsp), mica (Mic), heavy miner-

als (HM), chert (Cht), volcanic fragment (Vol) and other rock fragments (oth). Diagenetic minerals: clay minerals (Cly), quartz cement (QCm), calcite (Cc),

siderite (Sid) and opaques (Opg). Por = porosity. (b) Sandstone classification in terms of quartz, feldspar and lithics (Folk et al. 1970), and comparison with

fine-medium-grained sandstones from Spitsbergen (Longyearbyen well Dh4) and shallow cores from the Sentralbanken High (7533/2-U-1, 7533/3-U-7) and

off Kong Karls Land (7830/3-U-1).
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Fig. 7 Proportions (wt%) from XRD analyses of quartz (Qtz), K-feldspar (Kf), plagioclase (Plag), micalillite (Mu), pyroxene (?) (Cpx), chlorite (Chl), kaolinite

(Kao) and siderite/ankerite (Sid/Ank). The quartz includes mono- and polymineralic quartz, chert and cement.

feldspar laths enclosed in a dark or chloritized matrix
(Figs. 5b—d). The variety of fine-grained fragment of
chert, mudstone, quartz—feldspathic siltstone and altered
volcanic fragments are documented in Fig. 5b—e from the
lower channel sandstone. The mudstone fragments con-
sist of clay with silt-sized particles of illite, mica, quartz
and feldspar.

Citation: Polar Research 2024, 43, 9715, http://dx.doi.org/10.33265/polar.v43.9715

Sandstone classification based on petrographic modal
analysis verifies mineralogical immature compositions,
spreading between feldspathic lithic and lithic arkosic
compositions (Folk et al. 1970; Fig. 6b). The composi-
tions are comparable with sandstones from the De
Geerdalen Formation in other locations in the northern
Barents Sea (Riis et al. 2008) and Spitsbergen (Mark
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2013), overlapping with the most lithic sandstone
compositions.

Diagenetic minerals

Diagenetic minerals in the samples include clay miner-
als, carbonate cement, minor quartz cement and occa-
sional K-feldspar cement. Chlorite occurs as replacement
of biotite, mafic rock fragments and glauconite, and
rarely also as cement and coatings between clusters of
grains. EMP analysis of chlorite within fine-grained vol-
canic rock-fragments shows Mg-chamosite composition.
Tllite is identified in mudstone rock fragments and as
alteration products within feldspar. Kaolinite occurs
both replacive within detrital grains, as pore-filling
aggregates, and is also associated with partly dissolved
feldspar grains. The localization of kaolinite aggregates
in secondary dissolution pores lined by albite suggests a
connection between plagioclase dissolution and crystal-
lization of kaolinite. Kaolinite and mica/illite appear
concentrated in interlayered mudstone (Fig. 7).
Carbonate cemented beds sampled from shoreface and
delta plain sandstones show cementation by pore-filling
calcite (Fig. 6a). Very fine siderite cemented particles are
commonly found associated with mud clasts. Ankerite
and siderite are also detected as dispersed crystals in
porous samples. Mn-rich siderite is particularly frequent
in delta plain deposits near base of core 8-1, occurring as
isolated crystals and in clusters with rhodochrosite
cores. The latter is suggesting an origin from diagenetic
alteration of root structures in palaeosols (e.g.,
Bojanowski et al. 2016). Authigenic K-feldspar was ver-
ified by SEM analysis in the lower part of core 6-U-1
(Fig. 8a, g, h). Quartz cementation is relatively limited
in the samples off Kvitoya (Fig. 5a, c).

Porosity and IGV

Most of the sandstones appear loosely consolidated and
show high porosity values in the channel facies.
Petrographic modal analysis (Fig. 6a) shows porosity val-
ues between 28 and 13 %, except in selected examples of
strongly carbonate cemented beds (e.g., 5 and 1%). The
high-porosity samples include moderately high inter-
granular porosity in combination with secondary dissolu-
tion porosity. The dissolution porosity is identified in
skeletal feldspar remains and altered rock fragments
(Fig. 5). The IGV defined by porosity + cement + matrix
(Paxton et al. 2002) yields an average of 36%, which
would suggest rather limited compaction. Subtracting
visible dissolution porosity from the total porosity reduces
the average IGV to 28%. This lower IGV value fits with
petrographic evidence of compaction, exemplified by
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clusters with long grain contacts, and textures showing
squeezing of ductile, altered and partly dissolved grains
between rigid grains (Fig. 8b—-d, g). The most compacted
sample shows the highest content of chert and altered
rock fragments (Fig. 6a).

Mineral chemical characterization

Electron microprobe analyses of detrital minerals were
performed to characterize provenance signatures by the
mineral chemistry of feldspars and the heavy minerals
garnet and Cr-spinel. The samples selected for EMP anal-
ysis were chosen from different levels in the stratigraphi-
cally oldest and youngest cores, respectively, 6-U-1 and
8-U-1 (Fig. 3).

Feldspar

Plagioclase and K-feldspar may provide different infor-
mation of provenance rock types on the basis of texture
and chemical variation and degree of diagenetic alter-
ation. The plagioclase analyses were performed on sand-
sized grains as well as thin microliths in altered rock
fragments. The plagioclase sand grains show albite (An0
— An9) and oligoclase (An14 — An18) compositions. The
microliths in altered volcanic rock fragments (Fig. 5d, e)
show relatively pure albite An0 — An3. The K-feldspar
analysis shows mainly orthoclase-rich compositions with
a range of Or73-0r100, with a high proportion of nearly
pure K-feldspar. In combination with textural criteria
(Fig. 8a, g-h), some of the most potassic compositions
(>98% Or) are interpreted as authigenic overgrowths on
the detrital K-feldspar (e.g., Kastner & Siever 1979;
Milliken 1988; Parsons et al. 2005). Authigenic K-feldspar
is also detected as fracture-fill in compacted Ba-rich
K-feldspar (Fig. 8g).

In terms of interpreting provenance by combining
mineral chemistry and feldspar texture, it is important to
identify the type of igneous protolith. The present data
refer to point analyses in homogeneous parts of feldspar
grains avoiding visible albite lamellae if present. The stud-
ied K-feldspar grains range in texture from homogeneous
to micro-perthitic, to perthitic feldspar with distinct albite
lamellae and K-feldspar with distribution of fine or
coarser patchy albite. Comparing analyses from available
images show lowest Ab-content in K-feldspar that con-
tains patchy albite inclusions, and higher values in homo-
geneous grains and micro-perthitic grains. The highest
Ab-content is measured in Ba-rich K-feldspar in the
channel complex in core 6-U-1.

Some K-feldspar grains show distinct variations in
Ba-content. The analysed Ba-content in K-feldspar shows a
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Fig. 8 BEI of K-feldspar, cores 6-U-1 and 8-U-1. Black indicates porosity. Numbers refer to wt% BaO. (a) Grain of Ba-rich K-feldspar intergrown with apatite,

enclosed by K-feldspar cement. (b) Igneous rock fragment of Ba-rich K-feldspar (left) intergrown with albite (An,). Other grains: Ba-poor feldspar, quartz (Q)

and porous chert; authigenic kaolinite (Kaol) also visible. (c) K-feldspar with patchy albite inclusions. (d) Rock fragment with volcanic texture of thin albite laths

(Ab), with interstitial chlorite (Chl) and minor kaolinite and illite. (e) Perthitic K-feldspar. (f) Subhedral K-feldspar with variation in BaO content. (g) Deformed and

partly dissolved Ba-rich K-feldspar squeezed between quartz and chert grains. Relatively pure K-feldspar occurs as overgrowths and fracture-fill. (h) Fringy

and smooth K-feldspar overgrowths on, respectively, Ba-rich homogeneous and Ba-poor perthitic feldspar. Note also partly dissolved albite (left).

total variation between 0 and 5.4 wt% BaO, thereby includ-
ing Ba-feldspar and hyalophane (Deer et al. 2001). Excluding
grains with BaO > 3% reduces the average composition to
0.4 wt% BaO. Occurrence of Ba-rich K-feldspar is detected
at different stratigraphic levels and in polymineralic rock
fragments (Fig. 8a, b). The Ba-rich detrital K-feldspar has
been overgrown by Ba-poor K-feldspar of diagenetic origin.

Garnet

Garnet grains identified in the thin sections show consider-
able variation both in terms of shape and chemical compo-
sition. The analyses represent mostly very fine and
fine-grained garnets, of either angular or sub-rounded
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shape, or idiomorphic crystals (Figs. 9a—c, g, h). The min-
eral chemical variation represented by endmembers
pyrope (Pyr), almandine (Alm), spessartine (Sps) and gros-
sular (Grs) is shown in Fig. 10. Most of the garnets have
almandine-rich compositions (Alm, ), but with consid-
erable variations in the proportions of Mg, Ca and Mn. The
largest variation is in Mn-content, ranging from Mn-poor
and Mn-rich almandine to spessartine garnets. Mn-rich
garnets are detected both in the stratigraphically oldest
core (6-U-1) and in the youngest core (8-U-1). The spessa-
rtine garnet occurs as very fine to fine poikilitic grains
(Figs. 9g, h, 10a), and as homogeneous idiomorphic crys-
tals (Pyr,Alm_,Sps,,Grs ; Fig. 9b). Notably, the poikilitic
spessartine (Fig. 9h) contains inclusions of quartz and
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Fig. 9 BEI showing different garnet grain shapes (Gnt), (a-c) cores 8-1, 110.53 m and (g-h) poikilitic Gntin core 6-U-1, 68.40 m. (d-f) Rutile (Ru), ilmenite (IIm),

apatite (Ap) and altered ilmenite in sample 8-1. (i) Detrital heavy mineral proportions based on point counting in thin sections using SEM-EDS in combina-

tion with BEI for mineral identification (n = number of counted grains). The heavy mineral grains range from coarse silt to very fine sand size. Garnet grains

range up to fine-sand size. Accessory tourmaline is added from optical microscopy.

Mn-bearing carbonate. Figure 10b shows garnet composi-
tions from shallow core locations in the central Barents
Sea (Mork 1999) for comparison with the present study,
and Fig. 9c is included to illustrate Mn variation in garnets
from south-eastern Barents Sea areas.

Cr-spinel

Chromium spinel occurs as a common accessory heavy
mineral visible in all samples and is analysed in the
thin-sections from cores 6-U-1 and 8-U-1. The composi-
tions are characterized by low TiO, and a Cr,0, range of
22-59 wt%, classifying as chromite and magnesio-chro-
mite (Deer et al. 1965). An origin from ultramafic rocks is
supported by plotting the element ratios Cr/(Cr+Al) — Mg/
(Mg+Fe) (Fig. 11a) and by wt% TiO, — ALLO, and wt%
Cr,0, — Al,O, variations. The compositions are comparable
with Cr-spinel in peridotite from ophiolite (Cookenboo et
al. 1997; Fig. 11b) and with alpine type peridotites (Lenaz
& Princivalle 2005). Similar Cr-spinel compositions are
reported in ophiolites of the Voykar Massif, Polar Urals
(Savelyev & Savelyeva 1979). Cr-spinel compositions
reported from the De Geerdalen and the Snadd formations
from different locations of the Barents Shelf from Svalbard
to the Nordkapp Basin show considerable scatter in com-
positions in nearly all locations, but with a large majority
of Cr-spinels of ophiolite signature (Harstad et al. 2021).
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The present Cr-Spinel data from channel sandstones off
Kvitoya plot similarly to the data from the island of
Hopen, south-east of Spitsbergen (Fig. 11).

In general, using Cr-spinel as a sediment provenance
indicator is complicated, as considerable variations in
Cr-spinel compositions may occur within the igneous
protolith (Power et al. 2000). In addition, Cr-spinel com-
positions may also be influenced by metamorphic or
metasomatic alteration of the source rocks (Kimball 1990;
Bhat et al. 2019). Possible influences of chemical alter-
ation in the present data are illustrated as a distinct
increase in Fe and depletion in Al along intragranular
fractures in the Cr-spinel grain displayed in Fig. 11.

Discussion

Mineral compositions and possible implications
for provenance

Feldspar. Feldspar is one of the main minerals in sand-
stones, and their composition in combination with tex-
tures is useful in interpreting rock types and cooling
history in source areas. Earlier studies of Triassic sand-
stone provenance in the western Barents Shelf noted a
dominance of plagioclase over K-feldspar as part of min-
eralogically immature sediment components derived
from the palaeo-Urals (Bergan & Knarud 1993; Merk
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1999; Fleming et al. 2016; Line et al. 2018; Flowerdew
et al. 2020). In the sandstones off Kviteya, the variation
in feldspar compositions would represent erosion of dif-
ferent igneous and meta-igneous rocks. As the pla-
gioclase grains are dominated by albite, possible mafic
source rocks would be of relatively low metamorphic
grade, such as greenstone, as well as hydrothermally
albitized rocks. The texture and mineral association of
veryfine albite-chlorite intergrowths suggest an origin
from basaltic volcanism for some of the volcanic debris.
However, as albite and oligoclase are main minerals also
in silicious igneous rocks and in low grade metamorphic
rocks, different sources are possible for the sand-sized
plagioclase grains. In addition, the significant content of
magmatic K-feldspar indicates an intermediate or felsic
source rock. A complicating factor in provenance inter-
pretation is that albite may also form in diagenesis, com-
monly at temperatures above about 120 °C (Milliken
1988; Saigal et al. 1988), or by local heating of sedi-
ments from igneous activity (Haile et al. 2019). There is,
however, no evidence of post-depositional albitization
in the relatively porous De Geerdalen Formation sand-
stones off Kvitoya.

The textures and mineral chemistry of the detrital
K-feldspar off Kviteya show evidence of different
sources. An origin from slowly cooled granite is sug-
gested by the K-feldspar with fine perthitic exsolution
textures (Fig. 8e, h). Grains that show irregular and
patchy albite inclusions are also present (Fig. 8c), resem-
bling hydrothermally altered igneous feldspar (e.g., Lee
& Parsons 1997). A source from erosion of felsic plu-
tonic rocks is supported by the assemblage Ba-rich
K-feldspar, albite and apatite in igneous rock fragments
(Fig. 8a, b). Ba-rich K-feldspar is known from crystalli-
zation of high-T granitoids (Smith 1974; Vernon 1986;
Stimac & Pearce 1992; Zacharids 2008). Figure 8b shows
Ba-rich lining at crystal boundaries inside the igneous
rock fragment. Similar features have been associated
with late igneous processes involving hydrothermal
infiltration of the igneous protoliths (Mehnert & Biish
1981; Stimac & Pearce 1992; Zacharias 2008). In total,
the K-feldspar textures and chemistry reveal erosion of
granitic rocks of different igneous history, and with dif-
ferent impacts from hydrothermal alteration in the
source. These rock types would also have sourced much
of the sodic plagioclase in the sandstones.

Garnet as a provenance indicator. Garnet composi-
tions depend on bulk rock chemistry and metamorphic
conditions of the source area and are a common tool in
sandstone provenance studies (Morton 1987; Morton et
al. 2004; Krippner et al. 2015; Fleming et al. 2016) often
used as supplement to other methods. Almandine garnets
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with variation in Mn-Mg-Ca contents are widely distrib-
uted in metamorphic schists and gneisses. Spessartine
garnets appear in Mn-rich sediments ranging from very
low- to high-grade metamorphic conditions (Nyame et al.
1998; Makrygina & Suvorova 2011). Almandine-
spessartine garnets are also described from granites and
pegmatites, associated with late igneous or metasomatic
crystallization (e.g., Kontak & Corey 1988; Stone 1988;
Zacharias 2008; Suggate & Hall 2013).

Garnet is considered relatively stable in diagenesis
down to moderate burial depths, but with increasing
burial Ca-richer, garnets are more easily dissolved
(Morton 1987). The stability of garnet may also vary at
shallow conditions, for example, associated with pyrite
forming reactions (Zawidzka 2003). Secondary dissolu-
tion textures in garnet are also observed in siderite rich
facies in the De Geerdalen Formation.

The compositions represented in the Alm+Sps — Pyr-
Grs diagram (Fig. 10a) show a clustering of alman-
dine-rich garnets with similar composition of Mg and Ca
as Snadd Formation garnets at the Bjarmeland Platform
and Nordkapp Basin (Fig. 10b). These compositions are
also overlapping with garnets from exploration wells
south-west in the Barents Sea (Fleming et al. 2016) with
a main provenance signature of amphibolite facies
metasedimentary rocks. In the present case, plots that
separate Alm and Sps (Fig. 10a, b) are included to specify
the large range in Mn-content of garnet in the samples off
Kvitgya. Spessartine-rich garnets have earlier been
described as common in Middle and Lower Triassic sand-
stones in samples from the south-eastern Barents Sea—
Pechora Basin (Fig. 10c¢; fig. 7 in Merk 1999) with
interpreted source areas in the Palaeo Urals. The prove-
nance may have included areas with Mn-rich metasedi-
ments like those described by Brusnitsyn et al. (2017) as
common in the geology of the Polar Urals, Pay Koy and
Novaya Zemlya.

Regional facies variation and palaeogeography

The studied De Geerdalen Formation off Kviteya is com-
pared with locations onshore Svalbard and shallow core
locations in the northern Barents Sea (Fig. 12). Shallow
stratigraphic cores off Kong Karls Land are closest to the
present study area, whereas the Sentralbanken High is
furthest away towards south-east. Colour codes in Fig. 12
show a generalized facies-grouping of open and shallow
marine, deltaic and upper delta plain deposits.

Figure 12 also shows the transition from the underly-
ing shale dominated Tschermakfjellet Formation, repre-
senting fully marine pro-delta environments, to the
deltaic deposits of the Snadd-De Geerdalen formations.
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This transition is gradual, with shaly marine deposits at
Spitsbergen, Barentsgya and Edgegya, but abrupt with
deltaic sand deposits in the Sentralbanken High area. The
cores off Kong Karls Land, located between the
Sentralbanken High, the off-Kviteya cores and the east-
ern Svalbard islands, show a succession that is more than
600 m thick, with abundant bivalves and ammonoids
indicating open marine conditions. In the off-Kvitoya
area, slightly north-west of the De Geerdalen Formation
cores, another NPD core (7933/4-U-1; Lundschien et al.
2023) penetrates 75 m of the Tschermakfjellet Formation
and includes Halobia sp. bivalves. On Spitsbergen, most of
the De Geerdalen Formation is interpreted as shallow
marine (Rod et al. 2014; Vigran et al. 2014), grading in
the upper part to upper delta plain deposits (Lord et al.
2022). The islands east of Spitsbergen (Edgeoya,
Barentsgya, Hopen, Wilhelmgya) not only are dominated
by deltaic deposits with channels but also show beds with
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coal shale and minor interbeds of marine affinity with
bivalves (Mork et al. 1982; Klausen & Mork 2014; Vigran
etal. 2014; Lord et al. 2017; Haile et al. 2018; Paterson et
al. 2019). The deltaic deposits off Kviteya differ from the
other locations by their greater thickness and higher sand
content. The frequent intervals that contain root struc-
tures, coal beds and channels show a strong resemblance
to the deltaic successions at the Sentralbanken High (Riis
et al. 2008; Lundschien et al. 2014; Fig. 12).

The clearly deltaic sediments on the Sentralbanken
High, off Kviteya and on Hopen, Edgeoya and generally
in eastern Svalbard contrast the fully marine succession
off Kong Karls Land. The uppermost core off Kong Karls
Land is dated as late early Carnian by Paterson et al.
(2017) and includes a macrofauna with Halobia bivalves
and ammonoids that is similar to the fauna in the
Tschermakfjellet Formation. This may imply prodeltaic
environments in front and between the delta lobes, and
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the great sediment thickness also implies large subsidence
in this area. On the Kong Karls Land islands, the Late
Triassic (Norian) Flatsalen Formation is fully marine
(Olaussen et al. 2018).

The uppermost part of the De Geerdalen Formation in
core 8-U-1 is interpreted as shallow marine, correlating
to the Hopen Member on the island of Hopen (Fig. 12).
This observation differs from the late development at
Spitsbergen and Wilhelmoya, where upper delta plain
sediments with occurrences of podsol layers and red and
green shales of continental affinity (Isfjorden Member;
Lord et al. 2022) are overlain by the Slottet Bed. Podsols
are also present in the delta plain deposits in the middle
part of the De Geerdalen Formation on Edgeoya (Haile et
al. 2018; Lord et al. 2022) and below the Hopen Member
on Hopen (Klausen & Merk 2014; Lord, Solvi, Klausen et
al. 2014). It is unknown how much of the upper part of
Edgeoya and Barentsoya that is eroded.

Using interpretations from the correlation panels shown
in Fig. 12, tentative palaeogeographic maps for Early, Mid
and Late Carnian sections of the De Geerdalen Formation
are suggested (Fig. 13). The Early Carnian map shows that
at this time, the northern part of the Barents Shelf was
covered by a large sea, and that continental sediments pro-
graded towards the north-west from the south-east, as
documented by multiple authors (Riis et al. 2008; Glorstad-
Clark et al. 2010; Lundschien et al. 2014; Klausen et al.
2019). The early Carnian deposits are represented by
marine prodelta shales of the Tschermakfjellet and lower-
most De Geerdalen formations on Spitsbergen, Edgeoya
and Barentseya and off Kong Karls Land. The thick lower

Mid Carnian

Early Carnlan

M.B.E. Mark et al.

Carnian succession off Kong Karls Land implies major sub-
sidence in this area. Marine deposition was also the case at
Bjorngya farther south (Merk et al. 1990), whereas the
Sentralbanken High area was characterized by mid to
upper delta plain conditions (Riis et al. 2008).

The depositional change into the mid-Carnian is grada-
tional. The delta complex from the south-east prograded
further north-west, reaching the eastern islands of Svalbard
and eastern Spitsbergen, while the north-western expo-
sures of Spitsbergen show continued marine deposition.
Deltaic conditions prevailed on the Sentralbanken High, in
eastern Svalbard and off Kviteya. Deltaic sediments with
marine incursions are also described from time equivalent
sediments far to the north-east, at Franz Josef Land
(Preobranzenskaja et al. 1985; Dypvik et al. 1998).

In the late Carnian, Spitsbergen was covered by deltaic
deposits with upper delta top sediments rich in podsol
beds with abundant red and green mudstones in the cen-
tral and north-eastern areas extending north-east to
Wilhelmeoya (Lord et al. 2022). An area ranging from off
Kviteya, southward to Hopen was marine, possibly asso-
ciated with increased subsidence. The Carnian succession
is terminated by the latest Carnian/early Norian trans-
gression depositing the Slottet Bed of the Flatsalen
Formation (Merk et al. 1999), initiating open marine
deposition over the northern Barents Shelf. The marine
deposition in the overlying Flatsalen Formation is time
equivalent to the Akkar Member of the Fruholmen
Formation, originally defined in the Hammerfest Basin
closer to the Norwegian mainland (Worsley et al. 1988;
Vigran et al. 2014).

Late Carnlan Early Norlan
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Fig. 13 Palaeogeographic interpretation for the northern Barents Shelf based on the correlation shown in Fig. 12.

(page number not for citation purpose)

Citation: Polar Research 2024, 43, 9715, http://dx.doi.org/10.33265/polar.v43.9715


http://dx.doi.org/10.33265/polar.v43.9715

M.B.E. Mgrk et al.

0% 20% 40 % 60 % 80 %

SbH3, N=12] I T ] i | ]

100 %

Kv, N=9 | | 1

SbH2,N=9 | I T ] [
KKL, N=9 [ 1 [T T T I 1
SVBL, N=8 [ I I T T
ED-E, N=4 | I1 T W W )
GV
OaQtz O Qtzt DFsp @ Mic W Heav
OcCht B Vol DOoth B Matr ECly
OQCm OCc | Ssid B Pyr OPor

Fig. 14 Average sandstone compositions off Kvitaya (KV), Sentralbanken
High (SbH cores 7533/3-U-7 and -/2-U-1), off Kong Karls Land (KK, core
7830/3-U-1), onshore in Longyearbyen, Spitsbergen (SVB-core Dh4) and
exposure onshore on Edgaya (ED-BLA; Blanknuten), based on point count
data of fine- to medium-grained De Geerdalen Formation sandstones.
Mineral abbreviations as in Fig. 6.

Sandstone comparison

The sandstone compositions off Kviteya are compared
with similar facies of the De Geerdalen Formation on
Spitsbergen  (Longyearbyen, well Dh4), Edgeoya
(Blanknuten) and the Sentralbanken High, and with the
marine facies off Kong Karls Land (Riis et al. 2008; Mork
2013; Figs. 12, 14). The sandstones are characterized by
mineralogically immature compositions in all the studied
locations (Figs. 6b, 14), except for a higher proportion of
quartz in the marine deposits off Kong Karls Land. The
sandstones off Kvitaya show the highest proportion of
lithic grains of chert and volcanic debris. A comparison of
average porosity shows the highest total porosity in the
samples off Kvitaya (Fig. 14) and lowest values in the study
from Spitsbergen (Longyearbyen, core Dh4), where poros-
ity was greatly reduced by chemical compaction (Mgrk
2013). Secondary dissolution porosity is, however,
observed in thin sections from all the locations and appears
most significant off Kviteya and Kong Karls Land. The
more compaction in the westernmost location would be in
accordance with published models of net erosion across the
Barents Shelf (e.g., Henriksen et al. 2011), resulting from
variations in tectonics, burial and uplift history. Impacts on
diagenesis from igneous intrusions may also be considered
as Cretaceous dykes are widespread in the Triassic and
Jurassic deposits in the northern Barents Shelf—the archi-
pelago of Svalbard and offshore (Senger, Planke et al. 2014;
Senger, Tveranger et al. 2014; Polteau et al. 2016; Olaussen
et al. 2018; Haile et al. 2019). However, this would be most
important close to intrusive contacts, which have not been
observed in the present study.
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Sandstone compositions and provenance

Earlier provenance studies in the western Barents Shelf
have emphasized the palaeo-Urals (Uralides) as an import-
ant source for mineralogically immature Triassic sediment
compositions (Bergan & Knarud 1993; Merk 1999; Fleming
et al. 2016; Line et al. 2018; Flowerdew et al. 2020). A
south-eastern source was supported by seismic and sedi-
mentological interpretations of north-westward deltaic pro-
gradation that was reaching parts of Svalbard in Late Triassic
(Riis et al. 2008; Glerstad-Clark et al. 2010; Lundschien et
al. 2014). Recent depositional models (Klausen et al. 2015;
Klausen et al. 2019; Gilmullina, Klausen, Doré, Rossi et al.
2022; Gilmullina, Klausen, Doré, Sirevaag et al. 2022) sug-
gest that the Late Triassic sedimentation was part of a
Greater Barents Shelf Basin that extended from Siberia to
Arctic Canada, with distant sediment sources in the Taimyr—
Urals and the Central Asian Orogenic Belt. U-Pb dating of
detrital zircon grains in the De Geerdalen and the Snadd
formations and correlative formations revealed Hercynian
(Uralian), Caledonian and Timanian zircon provenance ages
in widespread areas of the Greater Barents Sea Basin (Miller
et al. 2013; Pozer Bue & Andresen 2014; Soloviev et al.
2015; Fleming et al. 2016; Khudoley et al. 2019; Line et al.
2020; Klausen et al. 2022; Harstad et al. 2023). Detrital zir-
cons of Permian-Mid Triassic age in the upper part of the
formation compare with Siberian Trap and associated
younger volcanism to the east (Reichow et al. 2009;
Letnikova et al. 2014; Vernikovsky et al. 2020; Kurapov et
al. 2021). The eastern provenance is supported also by
Carboniferous zircon grain ages that compare with granite
ages in areas far north-east and in Siberia (Lorenz et al.
2007; Vernikovsky et al. 2020). Caledonian and Late
Precambrian ages are common in marginal basement prov-
inces around the western Barents Sea as well as in nearby
areas of the Triassic of Svalbard (Hjelle et al. 1978; Johansson
et al. 2001; Terbenkov et al. 2002).

The studied mineralogy and petrography of the De
Geerdalen Formation sandstones off Kvitgya suggest
provenance from different areas and a variety of litholo-
gies and variably altered and reworked volcanic debris.
Mineral chemistry of K-feldspar, plagioclase, garnet and
Cr-spinel demonstrates considerable variations both in
igneous and metamorphic provenance signatures. The
igneous components are derived from different types of
granites and altered mafic rocks, and ultramafic rocks of
ophiolitic affinity are supported by Cr-spinel composi-
tions. A possible change in provenance, with depletion in
volcanic and ultramafic components, is supported by
variations in accessory heavy mineral proportions with a
relative increase in ilmenite + apatite from the strati-
graphic lower to the upper core off Kvitoya (Figs. 7, 9i).

As part of identifying sediment components of palaeo-
Ural signatures, the sandstones off Kviteya are also
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compared with earlier described Lower Triassic deposits
from locations more proximal to the palaco-Urals in the
south-east, including the Pechora Sea. The proximal
stratigraphic older deposits are dominantly of lithic com-
positions and dominated by rock fragments of green-
stone, mafic volcanic debris, epidote and chert, as well as
various sedimentary rock fragments (Ustritckij 1981;
Pcelina 1988a, b; Mork 1999). The Uralide provenance is
also shown by Mn-rich garnet compositions in the Lower
and Middle Triassic sandstones (Merk 1999) in the
south-eastern area. The frequency of similar provenance
components in the much younger and more feldspar-rich
samples as far away off Kviteya is interesting. A possible
interpretation is that the increased sediment deposition
and subsidence off Kviteya were receiving sediments
from erosion of a northern extension of the Uralides
(possibly north of Novaya Zemlya?) in the Carnian. The
present study would also suggest that the Uralide prove-
nance was decreasing in the upper part of the formation
in association with periods of increased marine influence
on the depositional environments in the late Carnian.

The comparison with Uralide components adds support
to published models of eastern provenance for the Snadd-
De Geerdalen formations (Fleming et al. 2016; Khudoley
et al. 2019; Gilmullina et al. 2021). Considering the sand-
stone composition off Kviteya, a mixed provenance that
also explains the abundant sediment components from
varied granitic source areas is probable. To investigate pos-
sible supplementary sources of short-transported igneous
sediment components comparison with nearby igneous
rocks exposed to thenorth, for example, on Nordaustlandet,
Storholmen and Kviteya (Flood et al. 1971; Lauritzen &
Ohta 1984), would be of interest, assuming a larger exten-
sion of the igneous province in the past.

Conclusions

The De Geerdalen Formation off Kviteya is characterized
by high sand content and mineralogically immature
sandstone compositions. Regional comparisons in the
northern Barents Shelf show a dominance of deltaic sed-
imentation, developing from relatively open marine con-
ditions lowermost in the formation to deltaic
sedimentation in major parts of the area. The deltaic sed-
imentation was terminated by marine transgression from
the north in the latest Carnian—earliest Norian.

The sandstone compositions off Kviteya suggest a
mixed provenance from terranes of mafic and felsic igne-
ous rocks, metasedimentary rocks, volcanic debris, recy-
cled sediments and cherts. Mineral associations and
detrital mineral chemistry show evidence of slowly cooled
granitoids, hydrothermally altered igneous rocks with
Ba-rich feldspar and chloritized mafic igneous rocks.
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Additional provenance information is derived from gar-
net and Cr-spinel chemistry and variation in heavy min-
eral proportions in terms of ilmenite + apatite contents.
Comparison with previous studies supports contribu-
tion from eastern areas, possibly including a northern
extension of the palaeo-Urals, and from reworked volca-
nic debris. The possibility of additional sediment contri-
butions of more local provenance may also be suggested.
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